ABSTRACT: Glucose-1-phosphate thymidylyltransferase (RmlA) catalyzes the condensation of glucose-1-phosphate (G1P) with deoxy-thymidine triphosphate (dTTP) to yield dTDP-D-glucose and pyrophosphate. This is the first step in the L-rhamnose biosynthetic pathway. L-Rhamnose is an important component of the cell wall of many microorganisms, including Mycobacterium tuberculosis and Pseudomonas aeruginosa. Here we describe the first nanomolar inhibitors of P. aeruginosa RmlA. These thymine analogues were identified by high-throughput screening and subsequently optimized by a combination of protein crystallography, in silico screening, and synthetic chemistry. Some of the inhibitors show inhibitory activity against M. tuberculosis. The inhibitors do not bind at the active site of RmlA but bind at a second site remote from the active site. Despite this, the compounds act as competitive inhibitors of G1P but with high cooperativity. This novel behavior was probed by structural analysis, which suggests that the inhibitors work by preventing RmlA from undergoing the conformational change key to its ordered bi-bi mechanism.
Pseudomonas aeruginosa is one of the most prevalent and opportunistic pathogens in hospital-acquired infections. It is a particularly difficult microorganism to treat due to its intrinsic chemo-resistance and its ability to acquire further resistance mechanisms against antimicrobial agents such as β-lactams, aminoglycosides, and fluoroquinolones. 1 The outer membrane of P. aeruginosa has low drug permeability properties, 2 and the species expresses a variety of efflux pumps. 3 The emergence of multidrug-resistant or even pan-resistant phenotypes of Pseudomonas means that even currently recommended combination therapies are less effective, having a negative impact on patient outcomes. 4 Currently, only a small number of novel anti-Pseudomonal drugs are in preclinical or clinical development, and very few have reached the market in recent years. 5 Although the World Health Organisation's recommended DOTS therapy (directly observed therapy, short course) is highly effective against Mycobacterium tuberculosis, one-third of the world's population is estimated to be infected, and the emergence of drug-resistant tuberculosis has been noted with alarm. 6, 7 Development of novel antimicrobial compounds with new chemical scaffolds against novel enzyme targets is highly desirable.
The bacterial cell wall is a target for many antibiotics since it is vital for bacterial survival and is composed of peptidoglycans and lipopolysaccharides not found in eukaryotic cells. The biosynthesis of sugars in bacteria is in particular an important area of research (reviewed in ref 8) . L-Rhamnose is part of the O-antigen of many Gram-negative bacterial cell wall lipopolysaccharides including P. aeruginosa but is not thought to be essential. In M. tuberculosis L-rhamnose links the peptidoglycan to the arabinogalactan components, and genes associated with L-rhamnose biosynthesis have been shown to be essential in this microorganism. 9 dTDP-L-rhamnose is synthesized from glucose-1-phosphate (G1P) and deoxy-thymidine triphosphate (dTTP) by four enzymes. These enzymes are potential therapeutic targets, and inhibitors of the pathway enzyme RmlC are being investigated. 10−13 The first enzyme, glucose-1-phosphate thymidylyltransferase (RmlA), catalyzes the condensation of G1P with dTTP to give dTDP-D-glucose ( Figure 1A) . 14, 15 RmlA is homologous to other bacterial sugar nucleotide transferases (e.g., G1P uridylyltransferase 16 ), though RmlA's tetrameric arrangement is distinct ( Figure 1B) . The tetramer can be thought of as a dimer of dimers. The dimer "building block" contains what we term the monomer− monomer interface, and the dimer−dimer interface links together the two dimers ( Figure 1B ). The inhibition of RmlA by dTDP-L-rhamnose, the final pathway product, has been reported to occur in both a competitive and noncompetitive manner. 17 The presence of this feedback mechanism suggests that RmlA is the point of control for the pathway. Based on sequence conservation and interactions with substrates, previous studies have identified the active site of RmlA as adjacent to the dimer−dimer interface. 15 Specifically, residues in loops 10−25, 138−148, and 224−232 are involved not only in forming the active site but also in subunit interactions. A second (or allosteric) site in RmlA was observed in two earlier studies 15, 18 and found to bind thymidine-containing compounds at the monomer−monomer interface. In summary, each monomer has one active site completely enclosed by the monomer and one second site. The second site is some 20 Å distant from the active site and sits at the monomer−monomer interface, utilizing residues from both monomers. 15, 18 RmlA has attracted considerable attention from a protein engineering standpoint and its use in so-called glycorandomization. 18−20 The allosteric modulation of enzyme activity by small molecules, resulting in either activation or inhibition, has received considerable attention in recent years. 21−25 Allosteric inhibitors offer several advantages over traditional active site inhibitors as they generally exhibit a higher selectivity due to the allosteric site residues having conservation across a protein superfamily lower than that of the corresponding active site residues. Lower off target effects result from this and may lead to a decrease in inhibitor toxicity and side effects. 26 The mechanisms by which allosteric modulators exert their activity can shed light on enzyme mechanisms. In terms of kinase inhibition, the development of allosteric inhibitors that show selective isoform inhibition has proved possible in cases where selectively targeting the active site is challenging. 27 The identification of novel allosteric inhibitors, however, remains a considerable challenge.
To date no small molecule inhibitors of RmlA have been reported. Here, we report the discovery and optimization of a series of Pseudomonas aeruginosa RmlA inhibitors, several of which have nanomolar activity against the enzyme. Weak activity against M. tuberculosis has also been demonstrated. The inhibitors interact with RmlA in a highly cooperative manner with the inhibitor core structure mimicking the thymine ring of RmlA's substrate dTTP. The inhibitors bind only to the allosteric site on RmlA not at the active site.
■ RESULTS AND DISCUSSION
Identification of Initial Hits. Pseudomonas aeruginosa RmlA was screened against a diverse library of 15,667 compounds 28 at a single concentration of 30 μM using an assay that monitors phosphate levels. 29 Forty-three compounds displayed >30% inhibition (hit rate of 0.27%) and were designated potential hits. Retesting this set in duplicate as 10-point dose−response curves enabled IC 50 value determination. Compounds 1 and 2 gave reliable data with IC 50 values of 0.22 Figure S2) .
Structural Characterization of Initial Hits. Multiple crystal structures of substrate/product complexes of RmlA from P. aeruginosa have been reported. 15, 18 RmlA crystals were soaked overnight with 1 or 2, and clear density for four bound inhibitors was identified in the tetramer (Figure 2 and Supplementary Table S1 ). The inhibitor binding sites were not the active sites, rather the allosteric sites. 15 The allosteric site is predominantly hydrophobic in character and sits at an intersubunit interface formed by residues from two adjoining subunits of the tetramer: Tyr38, Ser41, Leu45, Tyr114, Gly115, Phe118, His119, Leu122, Val250, Ala251, Glu255, Ile256, Arg259 from one monomer and Gly218′, Arg219′ from the second monomer.
The pyrimidinedione core in 1 stacks against Arg219′ and forms hydrophobic interactions with Leu45 and Ile256 ( Figure  2A and Supplementary Figure S3) . The C4 carbonyl hydrogen bonds directly to Ala251N, and N3H interacts via a single water molecule with Lys249O, Cys252N, and Glu255OE1. These interactions directly match those previously observed in complexes of RmlA with the thymidine-containing compounds dTTP, dTDP, dTMP, dTDP-D-glucose, or dTDP-L-rhamnose bound at this allosteric site. 15, 30 The C6-amino group interacts with two water molecules, one of which hydrogen bonds to Gly115O (Supplementary Figure S3) . The C5-N-methylsulfonamide makes a hydrogen bond with Gly115N and a watermediated hydrogen bond with Phe118N and His119N. In addition, the sulfonamide phenyl ring makes a face-edge hydrophobic interaction with the side chain of Phe118 and sits in a hydrophobic pocket surrounded by Leu45, Val250, Ala251, and Ile256 (Figure 2A ). The N1-n-butyl chain of 1 packs against the side chain of Arg259 from a neighboring subunit. The pyrimidinetrione core of 2, including the N3H and the C4 carbonyl, and the N1-benzyl substituent make essentially the same contacts with RmlA as described for 1 ( Figure 2B and Supplementary Figure S4 ). In this structure with 2, an additional glycerol molecule is bound in the equivalent position to the phenyl group of the C5-N-methylsulfonamide group in 1 (Supplementary Figure S5) .
Commercial Analogues. A 2D-similarity screening approach was undertaken to identify commercially available analogues of 1 and 2. Structural analysis suggested that the interactions of the central ring including the N3H and C4 carbonyl group would be crucial for binding to RmlA (Supplementary Figure S6) . Commercially available analogues containing a pyrimidinedione or pyrimidinetrione ring system were identified, and 15 analogues were purchased and assayed (Table 1, Supplementary Tables S2 and S3 ). None of these compounds were more potent than 1; however, these studies showed that replacement of the sulfonamide in 1 by an amide in 3 or an alkyl substituent in 4 was detrimental ( Table 1) . Replacement of the amide phenyl ring by a furan in 5 partially compensated for the loss in activity. Complexes with 3, 4, and 6 (Supplementary Table S4) showed that the central ring of these inhibitors remained in essentially the same position as 1, with only minor angular distortions with respect to each other as a result of variations in stacking of N1-substituents with Arg259 (Supplementary Figure S7A) . However, two of the compounds appear to react with the buffer at the central carbon of the 1,3-diketone functional group under the crystallization conditions (see analogues 6 and 7 in Supplementary Figures S7B and  S7C ). a For assay data relating to additional analogues see Table S7 in Supporting Information. b The following PDB codes are assigned to structures of the complexes of RmlA bound to 1 (4ARW), 2 (4AS6); 3 (4B42); 4 (4B2X); 8a (4ASJ); 8f (4ASY); 15a (4ASP); 12b (4B3U); 8j (4B4G); 8k (4B4M); 8p (4B5B); for data collection and model refinement statistics for all RmlA-inhibitor complexes see Supporting Information.
c SE, standard error (n = 2).
d SD, standard deviation (n = 3).
Synthesis of Analogues of 1. We synthesized inhibitor 8a, the N1-benzyl analogue of 1 (Scheme 1 and Table 1) , to explore the role of the N1 substituent more fully. Reaction of N-benzyl urea (9) with 10 led to the formation of the pyrimidinedione ring in 11.
31 Selective C5-bromination of 11 enabled incorporation of the required methylamine functionality to give 12a, which was subsequently converted to 8a in good yield. Analogous methodology was used to prepare 8b−e via the corresponding amines 12b−e (Scheme 1) and a further 18 C5-N-sulfonamide analogues were prepared from 12a (Table 1 and Supplementary Table S5 for structures). Reaction of 12a with benzoyl chloride gave 8f, the amide analogue of 8a, whereas conversion of 11 to the corresponding nitrosoderivative 13 enabled the synthesis of analogues 14 and 15a,b.
Analysis of Novel Analogues of 1. Replacement of the N1-n-butyl substituent in 1 with an N1-benzyl substituent in 8a, a change inspired by the structure of 2, led to a considerable increase in potency with 8a having an IC 50 of 0.073 ± 0.01 μM against RmlA (Table 1 , entry 6) and a K D of 0.028 ± 0.003 μM (Supplementary Figure S2) . Superposition of the structures of the RmlA-1 with RmlA-8a (Supplementary Figure S8 and Table S6 ) showed no change in the interaction made by the inhibitor core with the enzyme and almost identical positioning of the C5-N-methylsulfonamide substituent. The significant difference in potency between 8a and 1 seems most likely to result from improved protein−ligand hydrophobic interactions in the N1-binding pocket (Supplementary Figure S8) .
As in the N1-n-butyl series (cf. Table 1 , entries 1 and 3), replacement of the sulfonamide substituent in 8a by an amide proved detrimental (8f, entry 7). An overlay of the structure of RmlA-8a and RmlA-8f complexes showed that the contacts made between the enzyme and the pyrimidinedione rings of 8a and 8f were preserved (Supplementary Figure S9 and Table  S6 ). However, binding of the amide in 8f to RmlA resulted in a decrease in the hydrogen bonding network associated with the amide group compared to that present with the sulfonamide in 8a (Figure 3A−D) . In addition, the N-methylamide substituent in 8f was forced to rotate by 50°compared to its position in the RmlA-8a complex with a corresponding 1.4 Å movement in the position of the methyl group. An analogous decrease in hydrogen bonding and rotation of the N-methyl substituent was also seen when the structures of the RmlA-1 and RmlA-3 complexes were compared (Supplementary Figure S10) .
The N-methyl group in 8a was shown to be important for inhibition of RmlA (cf. Table 1 , entries 6 and 8) with the C5-NH analogue 15a being 18-fold less potent than 8a. The difference in potency between 8a and 15a was rationalized on the basis of the occupancy of a small hydrophobic pocket by the N-methyl group in 8a. The top of the N-methyl pocket is lined by hydrophobic groups including Val250 and the methylene units of the Arg219′ side chain. Analysis of a series of N-alkyl analogues of 8a showed that while an ethyl substituent was tolerated, a rapid drop off in potency was observed for longer alkyl chain lengths (8b−e, Table 1 and Supplementary Table  S5 ). On replacement of the sulfonamide substituent by a hydrogen atom, only the C5-N-ethyl analogue 12b inhibited RmlA (12a−e, Table 1 and Supplementary Table S5 ). Structural studies showed that in the RmlA-12b complex the C5-N-ethyl substituent no longer occupied the previously identified hydrophobic pocket but instead was positioned in a nearby cleft (Supplementary Table S7 and Figure S11 ).
To probe further the pocket occupied by the sulfonamide group in 8a, a set of 18 analogues with varying sulfonamide groups was synthesized. In brief, replacement of the phenyl ring in the sulfonamide with an alkyl substituent was tolerated with 8j inhibiting RmlA with an IC 50 of 0.175 ± 0.067 μM ( Figure S12) . Substitution in the phenylsulfonamide ring of 8a was in general poorly tolerated with the exception of small groups at the 3-or 4-positions (Table 1 and Supplementary Table S5 ; see Supplementary Figure S13 for structural insights gained from analysis of the RmlA-8k and RmlA-8p complexes). Replacement of the phenyl ring with a 2-furan ring gave the potent inhibitor 8t (IC 50 of 0.105 ± 0.012 μM, Table 1 , entry 16); however, exchange for a larger aromatic or heteroaromatic ring or a benzyl substituent was not tolerated (Supplementary Table  S5 ).
Biological Data. P. aeruginosa PAO1, which had the RmlA gene knocked out, grew in culture normally but showed significantly reduced numbers of colonies in mouse lung after infection compared to wild type P. aeruginosa PAO1 (Supplementary Figure S14) . This confirmed RmlA is not essential for survival but is important for virulence. In simple assays of bacterial growth (both plate and suspension), no compound exhibited inhibition of P. aeruginosa PAO1. Selected compounds (Supplementary Table S8 ) were tested against M. tuberculosis, for which RmlA is essential, 9 and compounds 8f and 8p showed MIC 100 values of 25 and 50 μg mL ). We have as yet been unable to express RmlA from M. tuberculosis in sufficient quantity to assay the compounds in vitro.
Mode of Inhibition. To fully understand the enzyme reaction mechanism and mode of inhibition of compound 8a, biochemical assays and surface plasmon resonance (SPR) methods were utilized. Initial biochemical experiments reveal the substrate Michaelis constants to be 7.8 μM (95% CI 4.3− 14.4 μM) and 9.5 μM (95% CI 6.8−13.5 μM) for dTTP and G1P, respectively (Supplementary Figure S15) . For both substrates the Hill coefficient was found to be ∼1, indicating no evidence of cooperativity within the tetrameric protein.
SPR experiments showed that dTTP binds to apo-RmlA with a K D of 39.9 μM (95% CI 35.9−44.3 μM),whereas apo-RmlA does not bind G1P (Supplementary Table S9 and Figure S16 ). However, when each substrate was titrated in the presence of a fixed, saturating concentration of the second substrate, K D values comparable to the Michaelis constants were measured (6.70 μM (95% CI 5.55−8.10 μM) for G1P and 6.02 μM (95% CI 5.03−7.20 μM) for dTTP) (Supplementary Table S9 and Figure S16 ). The binding of dTTP is therefore required to create a functional G1P binding site, consistent with the previously described 17, 30 sequential ordered bi-bi mechanism of catalysis employed by RmlA (Supplementary Figure S16) . Since both substrates are negatively charged, a simple charge− charge attraction can be ruled out. The most likely explanation is that dTTP binding triggers a conformational change in the protein that forms the G1P binding site.
As previously described, inhibitor 8a was tested in the biochemical assay with an IC 50 of 0.073 μM calculated. In addition to the biochemical studies, SPR experiments confirm 8a binds to RmlA (Supplementary Figure S17) . This SPR binding data could not be fitted to a 1:1 binding model, indicating 8a binds to the RmlA tetramer with some level of cooperativity.
To investigate the mode of inhibition of 8a, kinetic assays were performed. With G1P in excess and varying dTTP concentrations in the presence of different concentrations of 8a, only weak (essentially no) inhibition of dTTP binding was observed until inhibitor concentrations were raised to around 400 nM, where almost complete inhibition occurred ( Figure  4A ). Using a saturating concentration of dTTP and varying the concentrations of G1P and 8a showed that 8a displayed competitive inhibition with respect to G1P ( Figure 4B ) (estimated K i = 0.020 ± 0.020 μM). Analysis of these data shows a Hill slope of 3.6. These findings were confirmed using SPR, with no binding of G1P observed in the presence of 1 μM 8a and a saturating concentration of dTTP ( Figure 5 and Supplementary Table S9 ). Conversely binding of dTTP was observed when titrated in the presence of 1 μM 8a and a saturating concentration of G1P (albeit with a reduced binding affinity compared to the K D calculated in the absence of compound 8a) ( Figure 5 and Supplementary Table S9) .
Given the SAR relationship of the compounds and the structural data that show they all bind in the same place, we conclude that our inhibitor series all act as competitive inhibitors of G1P. ITC data for three compounds (1, 2, and 8a) correlate with the IC 50 values, thus the tighter the binding the more potent the inhibitor. This is in contrast to common assumption that an inhibitor binding at a site remote from the active site would behave as a noncompetitive inhibitor. The potential for compounds binding at a second (allosteric) site to act as competitive, noncompetitive, or uncompetitive inhibitors is however known. dTTP, which binds at the allosteric site, weakly inhibits the enzyme (Supplementary Figure S18) . dTDP-D-glucose, dTDP, and dTDP-L-rhamnose also bind at this site (all products in the dTDP-L-rhamnose pathway). 15 We determined IC 50 for dTMP, dTTP, dTDP-glucose, and dTDP-L-rhamnose (Supplementary Table S10 ). We suggest that binding at this second site is the point of control of the rhamnose pathway; dTDP-L-rhamnose (as well as any intermediates on the pathway) shuts down RmlA thus regulating pathway flux.
We re-examined our structural and kinetic data to identify a molecular basis for this inhibition. It is interesting to note that the Hill slope for inhibitor 8a (and many other hit compounds) is ≫1, the expected value for a 1:1 binding relationship. Indeed the Hill slope for 8a was calculated as 3.61 ± 0.04, which is approaching the theoretical maximum of 4 for the RmlA tetramer. This highly cooperative behavior is unusual, and we can find no comparable case of such high values for a tetramer (hemoglobin has a Hill coefficient of 2.8). Slopes of this magnitude imply the tetramer is either completely free from inhibitor or all four sites are occupied.
The RmlA active sites are located at the dimer−dimer interfaces, and crucial residues in loops 10−24, 138−148, 160− 162, and 224−232 key in binding and orienting G1P and dTTP are also involved in intersubunit contacts ( Figure 6 ). Comparisons of all inhibitor-bound structures we have determined show that the loop structure and tetramer arrangement are essentially unchanged between them. The tetramer arrangement we see in our inhibited complexes is indeed different from that observed in an E. coli RmlA-dTTP complex with an empty allosteric site (PDB code 1MC3 14 ). (We have been unable to obtain an equivalent P. aeruginosa RmlA complex, the ideal comparison point. In our attempts both sites are occupied or both empty, resulting in a tetramer arrangement identical to that of the inhibited structures.) The change in the tetramer organization can be magnified by superimposing the structures using only one subunit of each structure ( Figure 6 ). Using this method of superposition, the main chain Arg219 whose side chain inserts into the allosteric site from the other monomer in the inhibited structure (where it makes a monomer−monomer salt bridge as well as stacking with the inhibitor) has shifted over 6 Å in the uninhibited structure. The four C-terminal residues (290−293) that fold back over the allosteric site in the inhibited structure extend into space in the uninhibited structure. The different structure at the C-terminus results in a significant structural shift of the turn at Gln152 in the other monomer. These changes in the monomer−monomer interface are reflected at the dimer− dimer interface where the inhibited structure has a "tighter" packing arrangement. This transmission of structural change from one allosteric binding site across the monomer−monomer interface to the other allosteric site and then across the dimer− dimer interface is we believe the origin of the remarkable cooperativity of inhibitor binding.
At the active site we note, in particular, changes in two regions that are both involved in binding G1P: the side chains of Glu161−Lys162 and the backbone at Tyr145. Both regions are shifted by around 2 Å, creating a larger pocket in the uninhibited structure relative to inhibited. These regions flank the turn at Gln152, which as mentioned previously is sensitive to the changes at the allosteric site. The changes in the loops that bind dTTP between the structures are much less significant, consistent with the lack of inhibition of dTTP binding. We suggest that the inhibitors act by locking the conformational state of the RmlA tetramer and thereby preventing dTTP from inducing the conformational changes necessary to create the G1P binding site.
Conclusion. We report a novel small molecule scaffold that is a potent inhibitor of the first enzyme (RmlA) of the dTDP-Lrhamnose biosynthetic pathway. The pathway is essential for M. tuberculosis where the compounds show some biological activity. In a mouse model we have also demonstrated that RmlA is essential for virulence of P. aeruginosa PAO1. This compound series seem to work by exploiting a fundamental property of RmlA, that it possesses an allosteric site that acts as the point of control for the biosynthetic pathway. The second site is present in all RmlA enzymes but absent in other members of the nucleotidyl transferase superfamily, for example human glucose-1-phosphate uridylyltransferase. 32 Although the compounds are clearly related to the thymidine ring, they are not identical. Their failure to bind at the active site of RmlA would suggest that they are imperfect mimics of thymidine and thus may not be generally useful against other thymidine sugarutilizing enzymes. 8 Despite binding remotely from the active site, the inhibitors are competitive with G1P and bind in a highly cooperative manner. Our data suggest this is because they bind at a protein−protein interface, locking the conformation of the protein tetramer and thereby the active site loops. This prevents RmlA from adopting the required conformational change necessary to bind G1P.
■ METHODS
Cloning, Expression, and Purification. P. aeruginosa RmlA was cloned, expressed, and purified based on protocols previously reported by us 33 (see Supporting Information for details). A similar procedure has not yet yielded sufficient amounts of pure RmlA from M. tuberculosis for robust in vitro assay.
RmlA Hit Identification and Validation. The RmlA highthroughput screen was performed using a Dundee Drug Discovery Unit in-house diverse compound collection of 15,667 molecules. Each assay was performed in a 50 μL reaction volume containing 50 mM Tris, pH 7.4, 5 mM MgCl 2 , 1 mM dithiothreitol, 0.05% NP-40, 0.1 mM EDTA, 0.1 mM EGTA, 1.5 nM recombinant RmlA, 0.8 μg mL −1 pyrophosphatase, 5 μM dTTP, 5 μM G1P, and 30 μM test compound. Test compound was transferred to all assay plates before 25 μL of enzyme mix was added. The reaction was initiated and stopped with the additions of 25 μL of substrate mix and 50 μL of BIOMOL Green, respectively. The assay was run for 30 min at RT, and the BIOMOL Green signal was allowed to develop for 30 min before the absorbance of each well was read at 650 nm. Compounds were designated as hits if the percentage inhibition (PI) was >30% (this value represents 3 standard deviations from the mean data set PI). Preliminary hits were either cherry picked from the original library plates or repurchased. Ten-point inhibitor IC 50 curves were generated and assays carried out as described in the Supporting Information. All IC 50 curve fitting was undertaken using ActivityBase XE from IDBS with curves fitted to a four-parameter logistic dose−response curve. All test compound curves had floating top and bottom, and prefit was used for all four parameters.
2D Similarity Screens. 2D similarity searches were run on our inhouse database using the Dotmatics browser. Purchased compounds obtained were tested experimentally with results being reported in Table 1 and Supplementary Tables S2 and S3 .
Inhibitor Synthesis. All analogues of 1 were prepared according to the protocols supplied in the Supporting Information.
Protein Crystallization. Initial crystallization conditions were found by sparse matrix screening. Precipitant conditions were optimized to 4% PEG 6000, 100 mM MES pH 6.0, 50 mM MgCl 2 , 100 mM NaBr, and 1% β-mercaptoethanol. Crystals were grown using the sitting drop method with drops comprising 1 μL protein (10 mg mL −1 ) mixed with 1 μL precipitant. Crystals were grown overnight to dimensions of 0.2 mm × 0.2 mm × 0.1 mm, and cryoprotected in precipitant substituted with 25% glycerol for 5 s, prior to be frozen in a stream of nitrogen gas at 100 K for data collection. Crystallization conditions different from previously published. 33 Soaking/Co-crystallization. Complexes of RmlA and inhibitor were prepared by soaking or co-crystallization. For soaking, apocrystals were grown as described in the Supporting Information. Once formed, solid compound was added and left to incubate with the crystals overnight. A selected crystal was then cryo-protected and frozen in a stream of nitrogen gas at 100 K for data collection. For cocrystallization, drops were set up as before, but solid compound was added to the drop prior to sealing and incubation. Crystals typically grew overnight.
Data Collection. Data were processed with iMOSFLM 34 or XIA2 35 incorporating XDS. 36 Each structure was solved using MOLREP, 37 initially using a monomer from 1FZW 15 (apo P. aeruginosa RmlA structure), and subsequent complexes using the RmlA-1 subunit of the complex with the inhibitor removed. Refinement used REFMAC5 38 and statistics shown in Supplementary Tables S1 and S4−S6. Model building was performed using COOT, 39 and ligands built using the PRODRG server. 40 Structural figures were prepared with PyMOL. 41 Ligands were built into difference electron density which was also stronger for the "thymidine-like" ring and weaker for substituents. Occupancy was set to 1 for all atoms in ligand except 4, where the five-membered ring was modeled in two (0.5 occupancy) positions. The unit cells are different from those in the PDB for other previously reported P. aeruginosa complexes. Unbiased maps for each complex are shown in Supplementary Figure S19 .
Surface Plasmon Resonance. Binding of analytes (substrates and 8a) to RmlA was investigated using a Biacore 3000 instrument as described in the Supporting Information.
Kinetic Parameter Determinations. The enzymatic activity of RmlA was determined using a protocol analogous to that described above for the HTS. Michaelis constants for each substrate (dTTP and Figure 6 . Ribbon diagrams showing the effects on RmlA of having an occupied or empty allosteric site. (A) Overlay of the RmlA-8a complex (subunits colored light blue, dark blue, green, and cyan) and E. coli RffH (PDB code 1MC3; subunits colored pink, wheat, yellow, and magenta), which has an empty allosteric site. Subunit A from each was overlaid, and the different tetrameric organization can be seen. (B) Close up of the active and allosteric site regions in the overlay. Color scheme as in panel A. The highlighted loops (red for RmlA-8a, orange for RffH-dTTP) show the conformational changes that occur between the empty allosteric site and the inhibitor-occupied allosteric site. Loops II and IV form the G1P binding site. The loops correspond to the following residues: I = 10−24; II = 138−148; III = 150−157; IV = 160−162; V = 224−232; VI = 290−293. The substrate dTTP from 1MC3 is shown in black sticks (phosphates in green, oxygens in red), and an overlay of the product dTDP-glucose from 1H5T is shown as white sticks (phosphates in green, oxygens in red) to indicate the binding region in the active site. Inhibitor 8a is shown as yellow sticks (nitrogens in blue, oxygens in red, and sulfur in orange).
G1P) were determined with data fitted to the Michaelis−Menten equation using GraFit. Data sets for each substrate (dTTP and G1P) were also fitted to the Hill equation. Further details are given in the Supporting Information.
Pseudomonas aeruginosa RmlA Gene Knockout Virulence Studies. Wild-type and RmlA knockout mutant strains of P. aeruginosa were prepared and used to infect NMRI outbred mice. Bacterial quantification using mouse lung homogenates is detailed in the Supporting Information.
Mycobacterium tuberculosis MIC Determination. MIC values were determined against M. tuberculosis (H37Rv) by the microbroth dilution method as described in the Supporting Information. 42 Accession Codes. Protein Data Bank codes 4ARW (RmlA-1), 4AS6 (RmlA-2), 4B42 (RmlA-3), 4B2X (RmlA-4), 4B4B (RmlA-6), 4ASJ (RmlA-8a), 4ASY (RmlA-8f), 4ASP (RmlA-15a), 4B3U (RmlA12b), 4B4G (RmlA-8j), 4B4M (RmlA-8k), 4B5B (RmlA-8p).
■ ASSOCIATED CONTENT * S Supporting Information IC 50 and Hill coefficient determination of 1 and 2; data collection and refinement statistics; enzyme−inhibitor interaction schematics; structural overlays; RmlA-knockout in mice; MIC values in M. tuberculosis; K m determination; SPR binding data; unbiased F o − F c maps for each ligand; Methods details; synthesis of inhibitors; NMR spectra of inhibitors from Table 1 . This material is available free of charge via the Internet at http://pubs.acs.org.
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